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A B S T R A C T
The strength of chromatography lies in the ability of ﬁne-tuning recovery for speciﬁc target components or
fractions of interest. A downside of industrial chromatography is the need to dilute streams, as it is often applied
today. This article challenges the conventional low concentration of input streams and investigates size exclusion
chromatography at concentrated streams of high viscosity. Chromatographic operation with concentrated
streams leads to an increased pressure drop over the column and decreased mass transfer kinetics, but also lower
volumes compared to diluted streams. The objective of this research was to investigate separation performance
and system dimensions as a function of viscosity for food type streams, in scenarios where viscosity is not caused
by target components. Disadvantages due to increased stream volume with decreasing concentration and ben-
eﬁts due to decreased viscosity were evaluated, aiming to ﬁnd minimal column volume.
Separation performance was evaluated for a range of target components in a preparative lab-scale system
using a size exclusion resin and mobile phase viscosities in the range of 1.2–8.7 mPa⋅s. Mobile phases were
viscosiﬁed through addition of sucrose, glycerol, or dextran. Change in mass transfer resistance, measured via
van Deemter curves, was related to the change in diﬀusivity through viscosity.
The analysis of diﬀerent viscosifying agents emphasized the inﬂuence of viscosity inside the pores, rather than
viscosity of the bulk phase. The viscosity inside the pores was calculated via the partition coeﬃcient of each
viscosifying agent. Based on the slopes of van Deemter curves, column dimensions were calculated for diﬀerent
scenarios, assuming a non-compressible stationary phase. Column volume remained constant with stream di-
lution from 8.7 mPa⋅s down to about 2.5 mPa⋅s. However, at the same time column geometry changed to thinner
and longer columns with decreasing viscosity, in order to accommodate throughput and pressure drop. When
diluting to even lower viscosities, column volume increased, since stream viscosity is less sensitive to stream
concentration at the low viscosity range. These results are relevant to a wide range of industries utilizing weak
interaction chromatography, especially those where the main driver of process development is cost reduction
and where a trade-oﬀ between purity, yield, and costs has to be made.
1. Introduction
Preparative chromatographic separations distinguish themselves
from most other separation techniques through the ability to ﬁne-tune
separation mechanisms for speciﬁc molecular properties of target
components. This ability allows access to fractions of interest with low
loss of product, high purity, and high productivity. In order to econo-
mize chromatography in industrial processes, process productivity is
optimized in regard to product loss, processing time, and unit costs.
Productivity, generally deﬁned as ratio of product mass to column vo-
lume and processing time, is commonly improved by optimizing
product yield and/or processing time. Additional potential for pro-
ductivity optimization lies within reduction of column volume. Column
volume is directly linked to chromatographic resin and eluent quan-
tities required, which in many separation processes are the main con-
tributors to overall chromatographic footprint and processing costs and
can be reduced if column volume is reduced [1]. One possibility to
reduce column volume is reduction of feed stream volume by operation
at higher concentrations. But, with increase in concentration, most
streams will also show an increase in viscosity, which in turn will have
a negative impact on both mass transfer and pressure drop. Commonly,
processes are designed to keep stream viscosity as low as possible in
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order to maximize diﬀusion and chromatographic eﬃciency and
minimize retention times [2].
Literature on the eﬀect of mobile phase viscosity in liquid column
chromatography is primarily concerned with viscous ﬁngering, a phe-
nomenon which reduces column eﬃciency through instable interfaces
between liquid phases of diﬀerent viscosities [3,4]; if all liquid phases
have the same viscosity, as in this work, viscous ﬁngering does not
occur. The eﬀects of viscosity on mass transfer inside chromatographic
columns have been discussed to a limited extent. Colin et al. looked at
the change in mobile phase viscosity through temperature [5]. They
found the main eﬀect of increased temperature on column eﬃciency
and pressure drop is due to the reduced viscosity, which leads to in-
creased diﬀusivities of the target components. Nakanishi et al. de-
scribed the dispersion of NaCl and glucose in size exclusion chroma-
tography, focusing on diﬀusion inside a range of Sephadex stationary
phases [6]. In one part of their work the mobile phase was viscosiﬁed
with added glycerol to a viscosity of 2.5 mPa⋅s and elution curves of
NaCl were measured. The increase in viscosity resulted in an increase in
mass transfer resistance. This study builds on the work done by Naka-
nishi et al. [6]. The mobile phase viscosity was increased even further,
up to 8.7 mPa⋅s.
In general, there are three scenarios where operating at higher
stream viscosity may theoretically lead to direct beneﬁts in separation
processes. First, inherently viscous streams are diluted before chroma-
tographic processing, only to remove water content of product fractions
in subsequent steps. If costly and energy intensive removal of water was
minimized by reducing dilution prior to chromatographic separation,
process cost savings would be imminent. Second, streams with large
volumes and low concentration of target components are often dis-
carded entirely and their product content is not utilized. If the stream
volume was reduced, less volume with a higher product concentration
could make the puriﬁcation of target components economically fea-
sible, despite water removal costs. For both scenarios, a chromato-
graphic step under increased viscosity could lead to smaller column
volumes and thus processing cost reduction. In a third scenario, chro-
matography at elevated viscosity may be a viable alternative to chro-
matography at high temperatures. Many components of complex pro-
ducts are sensitive to temperature and require mild treatment
throughout the process. In all three scenarios column length and
column diameter will change with input stream viscosity and volume.
Relating column volume to bulk viscosity leads to optimized process
conditions and minimized water use.
Evaluation of column volume with changing mobile phase viscosity
requires knowledge on column eﬃciency, stream viscosity, and pres-
sure drop over the column bed, when input stream concentration is
changed. Column eﬃciency is evaluated based on the number of plates
N, which can be determined as a requirement for a given separation
process [5]. The number of plates in a chromatographic column is de-
ﬁned by the ratio of column length L over the height equivalent to a
theoretical plate HETP. With the term HETP, ﬂuid dynamic non-ideal-
ities, mass transfer resistances, and ad- and desorption rates in a
chromatographic column are summed up [5]. One of the most promi-
nent factors on HETP is the diﬀusion of molecules in mobile and sta-
tionary phases, in the latter especially at preparative scale. Molecular
diﬀusivity is directly related to mobile phase properties such as visc-
osity, temperature, and concentration of its constituents, as well as
molecular size or volume of the diﬀusing molecule itself. Diﬀusivity in a
stationary phase is a more complex matter, but generally speaking it is
related to diﬀusivity in the mobile phase and reduced through (steric)
hindrances induced by the porous stationary phase [6]. The inﬂuence of
concentration on stream viscosity is known for most simple solutions
and can be measured in more complex cases. The pressure drop in
packed chromatographic beds as a function of viscosity is known. The
main unknown is the inﬂuence of viscosity on HETP, described by the
van Deemter curve.
This study builds on the work done by Colin et al. and Nakanishi
et al. [5,6]. The temperature was kept constant and the mobile phase
viscosity was increased through addition of viscosifying agents. The
eﬀect of viscosity on HETP and system volume was analyzed under the
condition that not the target component but the viscosifying agent
caused the bulk viscosity. The focus was laid on plate height and the
change in number of plates, however the authors are aware that the
required number of plates for a separation depends on peak shapes as
well. Van Deemter curves, which relate HETP to velocity, were measured
at various viscosities. Mobile phase viscosity was increased with three
diﬀerent viscosity agents: sucrose, a common constitute of many food
streams such as ketchup, juices, and extracts, was compared to glycerol
and dextran to analyze inﬂuence of molecular characteristics of the
viscosifying agent. A new method is demonstrated that enables the
comparison of column designs for diﬀerent stream concentrations based
on a constant number of plates and pressure drop. With this method,
the inﬂuence of viscosity and viscosiﬁer concentration was related to
the number of plates N and changes in column dimensions. This re-
search aims at a variety of industries such as food processing or polymer
production as well as other processes, where processing costs are lim-
iting factors and, unlike for pharmaceutical requirements, the optimal
combination of purity, yield, and costs is a trade-oﬀ.
2. Theory
2.1. Height equivalent to a theoretical plate as a function of viscosity
Preparative chromatography at large scale generally utilizes high
velocities to treat large stream volumes and rather large particle dia-
meters to maintain a low pressure drop over the column bed. In such
conditions, linear interstitial velocity uL and particle diameter dp are
easily a hundred times larger, compared to typical analytical chroma-
tography. When velocity and particle diameter are so large, overall
HETP in weak interaction chromatography processes is typically
dominated by transparticle mass transfer resistance HStat [7], which in
turn is proportional to the quotient of interstitial linear velocity uL and
intraparticle diﬀusivity Dp (Eq. (1)).
∝HETP H u
DStat
L
p (1)
Intraparticle diﬀusivity Dp is a function of solute interaction with
stationary phase properties, here summed up as Ω, and solute diﬀu-
sivity in the liquid phase inside the pore volume Dm.pore (Eq. (2)) [8].
=D DΩ·p m pore· (2)
When mobile phase viscosity is inﬂuenced by viscosifying agents,
solute diﬀusivity inside pore volume Dm.pore may not be identical to
solute diﬀusivity in the bulk phase Dm.bulk. Within the pore volume,
molecules are conﬁned by the ratio of their size to pore diameter. This
conﬁnement inﬂuences the concentration of all molecules in pore vo-
lumes and may cause mobile phase viscosity to be diﬀerent in pore
volumes than in the bulk phase. The concentration inside the pores as
function of mobile phase concentration can be determined via isotherm
measurements. For linear relationships of concentration in bulk and
pore, the concentration ratio of each molecule between pore and bulk
can be expressed via the partition coeﬃcient KD (Eq. (3)) [9].
=K
c
cD
pore
bulk (3)
The partition coeﬃcient KD of the viscosity agent can be determined
from pulse injection measurements of retention volume of the viscosi-
fying agent VR, the interparticle void volume V0 and the total mobile
phase volume VT (Eq. (4)) in phosphate buﬀer without elevated visc-
osity [10].
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−
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From the concentration of the viscosifying agent in the mobile
phase, concentration inside pore volumes is determined and used to
calculate an average viscosity µpore in the pore volume. Solute diﬀu-
sivity Dm.i (cm2/s) in turn is inversely proportional to viscosity µi (either
in the bulk or inside the pore), as given by the Wilke-Chang equation
(Eq. (5)) [2,11].
=
−
D
φM T
μ V
7.4·10 ( )
m i
B i
i A
·
8
·
1/2
0.6 (5)
With φ, the dimensionless association factor of 2.6 for water, MB.i
molecular weight of the bulk phase (mixture of phosphate buﬀer and
viscosiﬁer; g/mol), T temperature (K), µi viscosity in the bulk or inside
the pore volume (mPa·s) and VA molecular volume of solute at boiling
point (mL/mol), calculated after Le Bas [11].
Combining Eqs. (1), (2), and (5), shows that a change of HETP as
function of velocity under preparative conditions is proportional to
inverse Dm.pore, which in turn is inversely proportional to the viscosity
inside the pores µpore, leading to the relationship of Eq. (6):
∝ ⇒ ∝
HETP
u D
HETP
u
μ1
L m pore L
pore
. (6)
Change in HETP as function of uL is plotted as van Deemter curve and
its determination standard chromatographic procedure. Generally van
Deemter plots are normalized by dividing HETP by the resin particle
diameter dp, which yields the reduced HETP h and the linear interstitial
velocity uL is multiplied by dp and divided by Dm.bulk, which yields the
reduced velocity ν.
2.2. Column dimensions as a function of mobile phase viscosity
This method enables calculation of column dimensions for diﬀerent
bulk viscosities on the basis of ﬁxed parameters such as a constant
pressure drop, required number of plates, and initial stream volume.
Column length L and operating velocity uS are calculated for a
constant pressure drop Δp and a speciﬁc viscosity (solid green line in
Fig. 1). The same parameters L and uS are calculated for a constant
number of plates N at that same viscosity (dashed blue line in Fig. 1).
The intersection of the two lines, marks the operating parameters at
which all requirements are met, when utilizing a speciﬁc stream visc-
osity (red circle in Fig. 1).
Column length for a constant pressure drop over the column bed as
function of velocity is calculated with the Ergun equation (Eq. (7)), with
column length L (m), pressure drop Δp (Pa), mobile phase viscosity
µbulk (Pa·s), particle diameter dp (m), bed porosity εb (−), mobile phase
density ρ (kg/m3), and superﬁcial linear velocity uS (m/s) [12].
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Eq. (7) is valid only in case of a non-compressible stationary phase.
Many industrially relevant stationary phases do exhibit compression to
a certain degree, dependent on operating conditions and column aspect
ratios, which must be considered when scaling designs. For such a case
Stickel and Fotopoulos derived adjustments to empirical models to
correlate pressure drop to aspect ratio of packed beds and velocity and
further predict bed porosity [13]. As a ﬁrst approximation for scale-up,
we assumed the stationary phase was non-compressible.
Column length for a constant number of plates as function of linear
superﬁcial velocity uS is calculated based on slopes of van Deemter
curves and Eq. (8) with =u u ε/L S b.
=L HETP u N( )·L (8)
Column volume CV is calculated from L and column area A, which
in turn was calculated by dividing volumetric stream QV with linear
superﬁcial velocity uS. The stream volume QV is reduced with stream
concentration.
With this method the column volume for operation at any given
viscosity can be calculated, as long as the van Deemter curve, the
pressure drop over the column bed, and the viscosiﬁer concentration
are known.
3. Materials and methods
3.1. Materials
3.1.1. Mobile phase
All experiments were conducted with a phosphate buﬀered mobile
phase (25 mM Na2HPO4, 25 mM NaH2PO4, and 50 mM NaCl; all from
Merck, Germany) in Milli-Q water. Viscosity was increased by use of
sucrose, a small dextran of 9–11 kDa (both from Sigma Aldrich, St.
Louis, MO, USA) or glycerol (Boom, the Netherlands). For the viscous
mobile phases, the viscosiﬁer was dissolved ﬁrst and the salts were
added according to the volume of the solution. For each mobile phase
the viscosity was measured with a Physica MCR 301 rheometer (Anton
Paar, Austria) at 22 °C. Viscosities and concentration of viscosiﬁer
added are detailed in Table 3.1.
Before use mobile phases were ﬁltered through a 0.45 µm
Durapore® membrane ﬁlter (Merck, Germany). Between experiments
mobile phases were stored at 4 °C, but no longer than 48 h before use.
Fig. 1. Column length L and superﬁcial linear velocity uS for set parameters and
a speciﬁc viscosity. Solid green line shows operation at constant pressure drop
over the column Δp, dashed blue line shows operation at constant number of
plates N. Intersection of both lines, marked with red circle, gives L and uS at set
pressure drop and plate number for a speciﬁc viscosity. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
Table 3.1
Concentration of sucrose and glycerol (% m/m) to reach target viscosities in
each mobile phase.
Viscosiﬁer\Viscosity 1.2 mPa⋅s 2.3 mPa⋅s 4.5 mPa⋅s 8.7 mPa⋅s
Sucrose 0% 22% – 44%
Glycerol 0% – 46% 58%
Dextran 0% – 19% 27.5% (8.0 mPa⋅s)
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3.1.2. Stationary phase
All experiments were conducted using Sephadex G-15 size exclusion
resin (GE Healthcare, Uppsala, Sweden) with a cut oﬀ of about 1.5 kDa,
according to the manufacturers website. The mean particle diameter
(80 µm) was measured with a Mastersizer 2000 (Malvern, UK).
3.1.3. Target component preparation
All solid target components were dissolved in the mobile phase at
each viscosity, to avoid any changes in viscosity along the column and
associated phenomena like viscous ﬁngering. All target components
were from Sigma Aldrich, St. Louis, MO, USA. Respective target con-
centrations and detection wavelengths (refractive index in case of
dextran) are given in Table 3.2. Acetone was the only liquid target
component and added per volume.
3.1.4. Chromatographic equipment
For liquid chromatography a Wellchrom set-up with a K–1001 pump
and a K-2401 RI–detector was used, all from Knauer, Germany.
Furthermore a Julabo F25 MP controlled the temperature in the column
jacket and a mini Cori-Flow ﬂowmeter (Bronkhorst, The Netherlands)
measured the ﬂow rate after the detector. Pressure drop over the
column bed was continuously measured using EZG10 pressure sensors
(Knauer, Germany), all components were connected with 0.02″ PEEK
tubing (Grace, Deerﬁeld, IL, USA).
Column measurements were made on a slurry packed Götec
Superformance 300–10 column (300 × 10 mm) with tefzel capillaries of
35 cm lengths and ID 0.5 mm, including ﬂow adapter with frits and
ﬁlter (all Götec, Germany). During all experiments bed height and
pressure drop were recorded and, if required, ﬂow adapters adjusted to
minimize headspace upon bed compression or the bed repacked. The
zero length column was a Götec Superformance 10–10 column
(10 × 10 mm) with no resin and the ﬂow adapters in direct contact as
described in [14].
3.2. Methods
3.2.1. Column preparation and characterization
For experiments at low viscosity, the column was slurry packed in
two steps. The ﬁrst began with phosphate buﬀer to settle the slurry in a
ramped up proﬁle of up to 10 mL/min for 20 min. In the second step the
funnel for the slurry packing was removed, the ﬂow adapter and a ﬁlter
placed above the resin bed and the resin bed further compressed at
10 mL/min for 30 min. For measurements at high viscosity, the column
was slurry packed in three steps. First, resin slurry was settled in a
ramped up ﬂow proﬁle of up to 10 mL/min for 20 min in phosphate
buﬀer. Second, mobile phase was exchanged to 8.7 mPa⋅s sucrose
phosphate buﬀer and ﬂow reduced to 3 mL/min for 25 min. Third, the
funnel for the slurry packing was removed, the ﬂow adapter and a ﬁlter
placed above the resin bed and the resin bed compressed at 3 mL/min
in 8.7 mPa⋅s sucrose phosphate buﬀer for 30 min. External porosity
was measured via retention volume of 10 g/L dextran (average mole-
cular weight of approximately 2 ⋅ 106 Da) pulse injections in phosphate
buﬀer and with blue-dextran (both Sigma Aldrich, St. Louis, MO, USA)
at higher viscosities (UV detection at 621 nm).
3.2.2. Chromatographic analysis
All chromatographic measurements were conducted as pulse injec-
tions of 80 µL at varying velocity. The column was kept at 22 °C through
a water jacket. All peaks were analyzed with the method of moments in
Microsoft Excel as described in [14]. Integration limits were set auto-
matically at 1% of total peak height and baseline drift was corrected for
automatically when necessary to mitigate common concerns of in-
accuracy when using the method of moments [15–17]. A detailed ex-
ample of the correction of drifting baselines and the setting of peak start
and end points is given in the supplementary material for γ-aminobutyric
acid in diﬀerent mobile phases (Fig. 12a through 12e). With high vis-
cosiﬁer concentration some target components showed a low signal
intensity in their chromatogram, resulting in detection instabilities,
noisy baselines, and sometimes minima before or after the peak. Among
the elution peaks in the supplementary material (Fig. 13), γ-aminobu-
tyric acid eluted in sucrose and glycerol gives a good example of
aforementioned detection challenges (Fig. 13b). In these cases the in-
tegration limits were set manually. Linear superﬁcial velocities uS were
0.5, 1, 2, and 3 m/h (0.5, 1, 1.5, and 2 m/h with dextran as viscosiﬁer
at 4.5 mPa⋅s and 8 mPa⋅s). With each new mobile phase the column was
equilibrated with a minimum of ﬁve column volumes. All measure-
ments were corrected for extra-column contribution for each mobile
phase viscosiﬁer, viscosity, velocity, and target component, as de-
scribed in [14].
3.2.3. Measurement of partition coeﬃcient – KD
The partition coeﬃcient KD for sucrose and glycerol was calculated
from the slopes of linear isotherms. Isotherms were measured via
frontal analysis of breakthrough times with the staircase method via the
refractive index (RI) as described by [18]. To the unviscosiﬁed phos-
phate buﬀer the viscous mobile phase was added in steps of 5% (v/v),
while the viscous mobile phase was at the same viscosiﬁer concentra-
tion as the maximum used in the pulse injection measurements.
KD of all three mobile phase viscosiﬁers was additionally calculated
with Eq. (4) from mean retention times measured from pulse injections
of 80 µL at 1 m/h in unviscosiﬁed phosphate buﬀer as mobile phase. V0
was measured with dextran (2 ⋅ 106 Da) and VT with 2% (v/v) acetone.
KD of dextran was measured from pulse injections and calculated with
Eq. (4).
3.2.4. Mobile phase viscosity
Mobile phase viscosity was increased through addition of sucrose,
glycerol, or dextran. Viscosity of diﬀerent viscosiﬁer concentrations in
phosphate buﬀer were measured in a rheometer at 22 °C and functions
ﬁtted to the data. Viscosity of sucrose solutions was ﬁtted to Eq. (9), a
modiﬁcation of an empirical model [19]. Viscosity of glycerol solutions
was estimated using equations 10 through 15, as proposed by [20].
Viscosity of dextran solutions was ﬁtted to Eq. (16), entirely based on
measurements. Measurements, empirical models and ﬁtted functions
are shown in Fig. 11 which, along with Eqs. (9) through (16), can be
found in the supplementary material.
3.2.5. Van Deemter curves and intraparticle diﬀusivity Dp
Van Deemter curves, HETP as function of linear interstitial velocity
uL, were recorded for each target component and mobile phase. From
the slope in the linear region of each van Deemter curve the intraparticle
diﬀusivity Dp was calculated as described in [7]. This method also takes
the resistance to external mass transfer kﬁlm into account, which was
calculated using the Wilson and Geankoplis relation. Non-interacting
conditions were assumed. The conﬁdence interval of Dp was calculated
from the propagated uncertainties of the slope of van Deemter curves
and kﬁlm. The uncertainty of the slope was calculated from the standard
error of the slope with a 95% conﬁdence interval, the uncertainty of
kﬁlm was estimated assuming an uncertainty of 20% for Dm.
Table 3.2
Target components, concentration in sample volume and UV detection wave-
length (RI for refractive index).
Target c (g/L) Detection
γ-aminobutyric acid 3 210 nm
Triglycerin 1 218 nm
Glycyl-L-tyrosine 1 276 nm
Dextran 10 RI
NaCl 58 200 nm
Acetone 2% v/v 260 nm
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3.2.6. Parameters for system size calculations
The inﬂuence of the bulk viscosity on the system size is illustrated
by separation of two minor components (target component and a
component without aﬃnity for the resin) in a viscous medium. For the
calculation of column dimensions as function of viscosity, case para-
meters were set. All case parameters are given in Table 3.3. For the
calculation of pressure drop, a bed porosity of 0.34 was assumed, even
though van Deemter curves at higher viscosities were recorded with
lower bed porosities.
An initial stream volume of 10 m3/h and a viscosiﬁer concentration
of 1% (m/m) was assumed. Change in stream volume through water
removal and subsequent increase in viscosity, was simulated by in-
creasing concentration of viscosifying agent in the mobile phase while
assuming a linear isotherm for all target components.
4. Results and discussion
4.1. Van Deemter curves at increased viscosities
Chromatography in viscous solutions leads to a decrease in overall
mass transfer, resulting in increased slopes of van Deemter curves, as
shown for triglycine in phosphate buﬀer viscosiﬁed to 2.3 and 8.7 mPa⋅s
with sucrose in Fig. 2a and viscosiﬁed to 4.5 and 8.7 mPa⋅s with gly-
cerol in Fig. 2b. Recording elution peaks in viscous mobile phases, two
main eﬀects and several side eﬀects were observed. The ﬁrst main eﬀect
was the expected increase in band broadening due to increased mass
transfer resistance with viscosity. The second main eﬀect was the de-
gree of band broadening increase was correlated to the viscosity inside
the pores, rather than the viscosity of the bulk phase; a topic further
discussed in Section 4.2.
The observed side eﬀects challenged experimental HETP determi-
nation and ultimately decreased accuracy with increasing viscosity. At
lower viscosities, measured data points of the van Deemter curve formed
a straight line with little or no deviation, visible from the small 95%
conﬁdence interval displayed by dotted lines in Fig. 2. At higher visc-
osities of the mobile phase recorded van Deemter curves showed a larger
spread of data points for expected linear behavior, leading to larger
uncertainty in determined slopes, which could be improved through
additional measurements. As pressure drop increased, the resin bed
compressed slightly, resulting in diﬀerent bed heights, bed porosities,
and retention volumes, which were corrected for in each case. Mea-
sured pressure drop was compared to the calculated pressure drop,
which was calculated based on actual bed height and porosity with Eq.
Table 3.3
Case parameters for comparison of change in column dimensions with in-
creased viscosity.
Name Symbol Quantity Unit
Pressure drop Δp 5 bar
Initial stream volume QV 10 m3/h
Number of plates N 100 –
Particle size dp 80 µm
Temperature T 22 °C
Bed porosity εb 0.34 –
Fig. 2. Van Deemter curves of reduced HETP h over interstitial linear velocity uL for triglycine in phosphate buﬀer at 1.2 mPa⋅s and (a) phosphate buﬀer containing
sucrose at 2.3 and 8.7 mPa⋅s and (b) phosphate buﬀer containing glycerol at 4.5 and 8.7 mPa⋅s. Lines indicate 95% conﬁdence interval for linear regression of the
slope.
Fig. 3. Measured pressure drop over the column bed over the calculated pres-
sure drop from Eq. (7). Pressure drop of mobile phase viscosiﬁed with dextran
was constantly larger than expected due to higher apparent viscosity.
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(7) (Fig. 3). In most cases measured pressure drop matched expected
pressure drop fairly well. One measurement in glycerol, where mea-
sured pressure drop was far above expectation, led to a repacking of the
column, as indicated in Fig. 3. Peak shapes changed from almost perfect
symmetry to tailing and in some cases fronting peaks. Because of the
focus of this work, the change in peak shape was not further analyzed,
although it has an inﬂuence on HETP and an accurate description of the
change in peak shape is important for application towards a practical
separation. The elution peaks of acetone show an increase of retention
volume with viscosity (average increase of retention volume by 5%
with sucrose and 14% with glycerol in the mobile phase, both at
8.7 mPa⋅s, Fig. 13a), while all other retention volumes decrease
(Fig. 13b–d). It is possible, that the high viscosiﬁer concentrations lead
to a reduced miscibility of the ternary systems (water, sucrose, acetone
or water, glycerol, acetone) [21,22]. This change in solubility may have
altered the adsorption equilibrium and subsequently acetone was re-
tained longer in the stationary phase. Last but not least baseline sta-
bility decreased, resulting in necessity for baseline correction in some
cases, especially for γ–aminobutyric acid measured at a wavelength of
210 nm (Fig. 13b). Elution peaks of acetone, γ–aminobutyric acid, tri-
glycine, and glycyl-L-tyrosine at uS = 1 m/h in phosphate buﬀer, and
mobile phase viscosiﬁed with sucrose at 2.3 and 8.7 mPa⋅s and glycerol
at 4.5 and 8.7 mPa⋅s are added to the supplementary material (Fig. 13).
For all investigated target components the following relationships
were found: the larger the molecule, the steeper the slope of the van
Deemter curve at low viscosity and greater the increase in slope with
increased viscosity. Van Deemter curves of all target components
showed similar behavior in terms of increasing conﬁdence interval with
viscosity (supplementary material, Figs. 14–16).
Comparison of peak broadening for diﬀerent target components at
diﬀerent viscosities is best demonstrated by plotting reduced HETP h
over reduced velocity ν which takes bulk diﬀusion coeﬃcients into
account (Fig. 4a for sucrose and Fig. 4b for glycerol in mobile phase).
The slope of h over ν increased with molecular size, but due to the
correction for the bulk diﬀusion coeﬃcient DM,bulk, displayed an almost
linear behavior for each molecule with varying viscosities. But it is also
evident from Fig. 4, that at high viscosity overall mass transfer re-
sistance is not exactly proportional anymore to the diﬀusion coeﬃcient
in the bulk mobile phase, as slopes at 8.7 mPa⋅s diﬀer from slopes at
lower viscosities.
4.2. Inﬂuence of the partition coeﬃcient of the viscosifying agent
A direct comparison of van Deemter curves for mobile phases vis-
cosiﬁed with sucrose and glycerol revealed a diﬀerence in slope at the
same mobile phase bulk viscosity (round symbols for 8.7 mPa⋅s in
Fig. 4a and Fig. 4b). The same bulk viscosity resulted in a diﬀerence in
slope and therefore a diﬀerent resistance to overall mass transfer. From
the slope of the van Deemter curve, the overall resistance to mass
transfer was calculated, as described in [7], which takes into account
both the mass transfer resistance inside the particle and outside the
particle in the stationary ﬁlm layer. The contribution of the ﬁlm mass
transfer resistance kﬁlm, as calculated by the Wilson and Geankoplis
relation, to the overall mass transfer resistance was negligible. Since
bulk diﬀusivities in sucrose and glycerol were almost identical and
overall mass transfer was dominated by the contribution of transpar-
ticle mass transfer, it stands to reason that the major diﬀerence between
mass transfer in mobile phases viscosiﬁed with sucrose or glycerol af-
fected diﬀusion inside the particle pores. Inside the pore volume, steric
restriction imposed by the pore structure lead to a diﬀerent distribution
of viscosiﬁer molecules between external and internal particle space,
resulting in diﬀerent viscosities, and thus diﬀusivities, in the pore vo-
lume. The diﬀerence in viscosity inside the pore and dependence of
overall mass transfer not only on bulk viscosity, but also the viscosiﬁers
ability to penetrate pore volume, was shown when dextran was in-
troduced; a viscosifying agent too large to penetrate any pore volume.
The concentration of viscosiﬁer molecules, and with that an aver-
aged viscosity inside the pore volume, was calculated from the iso-
therms of sucrose and glycerol (Fig. 5). Since the isotherms are linear,
the concentration can also be calculated via the partition coeﬃcient KD
(Eq. (3)). The measured KD values for sucrose and glycerol were 0.48
and 0.70 respectively. Measured KD from pulse injections match the
slope of isotherms for sucrose and glycerol. The isotherm of dextran
showed an increase in stationary phase concentration at higher mobile
phase concentration (Fig. 5), which cannot be explained through pore
penetration, as the dextran used is about an order of magnitude larger
than the cut oﬀ of the resin. A pore concentration of zero, as measured
via the partition coeﬃcient was assumed for the remainder of the ex-
periments with dextran in the mobile phase. Viscosity inside the pore
volume, calculated from the partition coeﬃcient, is plotted as a func-
tion of bulk viscosity in Fig. 6. In addition to glycerol and sucrose, Fig. 6
also shows the pore viscosity for dextran with a KD of 0 (no access to
any pore volume) and the case for a KD of 1 (complete access to pore
Fig. 4. Reduced HETP h over reduced velocity ν for pulse injections of acetone, γ-aminobutyric acid, triglycine, and glycyl-L-tyrosine in phosphate buﬀer at 1.2 mPa⋅s
and (a) phosphate buﬀer containing sucrose at 2.3 and 8.7 mPa⋅s and (b) phosphate buﬀer containing glycerol at 4.5 and 8.7 mPa⋅s.
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volume).
The dependence of mass transfer on the viscosity inside the pores is
demonstrated by plotting the intraparticle diﬀusivity measured in mo-
bile phase viscosiﬁed with either sucrose (closed symbols) or glycerol
(open symbols) as a function of pore volume viscosity for four diﬀerent
target components (Fig. 7). The calculated intraparticle diﬀusivities are
small compared to bulk diﬀusivities, however the range of Ω of 3 to 8%
ﬁts well with data measured for an upcoming publication and also with
simulated data [23,24].
By accounting for the partition coeﬃcient of the mobile phase vis-
cosifying agent the respective intraparticle diﬀusivities line up well for
each molecule, independent of the mobile phase viscosifying agent
used. In all measurements glycyl-L-tyrosine was retained by an unknown
mechanism, therefore the calculated intraparticle diﬀusivity is larger
than for triglycine at low intraparticle viscosity, based on their re-
spective molecular size alone, the opposite relationship was expected.
The dependence of mass transfer on the viscosity inside the pores is
further demonstrated by viscosifying the mobile phase with dextran, a
molecule so large it does not have any access to the pore volume
(KD = 0). The inﬂuence of the mobile phase viscosifying agents parti-
tion coeﬃcient KD becomes visible when the relative intraparticle dif-
fusivity of triglycine is plotted against KD. Fig. 8 compares the in-
traparticle diﬀusivity measured at diﬀerent viscosities due to glycerol,
sucrose and dextran to intraparticle diﬀusivity measured in non-visco-
siﬁed conditions. The reduction of Dp is greatest for glycerol, the
smallest viscosiﬁer molecule with the largest KD. At the same bulk
mobile phase viscosity, Dp is greater in mobile phase viscosiﬁed with
sucrose because the viscosity in the pores is lower. For mobile phases
viscosiﬁed with dextran to 4.5 mPa⋅s and 8.0 mPa⋅s, no signiﬁcant
change in Dp was measured because the viscosity in the pores stayed the
same. Additionally to measured data, two calculated values for Dp were
added to Fig. 8, based on the measured change of Dp with pore viscosity
(open symbols). The diﬀerence intraparticle diﬀusivity shows the de-
pendence of mass transfer resistance on the accessible fraction of pore
volume for the viscosifying agent. The error bars show the 95% con-
ﬁdence intervals based on the uncertainty of the van Deemter slopes. For
acetone and γ–aminobutyric acid, measured intraparticle diﬀusivity in
sucrose and glycerol behaved similar to triglycine. Intraparticle diﬀu-
sivity is not the only mass transfer to be considered, but it is the main
bottleneck to eﬃcient column design in many chromatographic appli-
cations at scale. Accurate data of change in overall mass transfer with
viscosity can be used to design chromatographic systems.
4.3. System design based on bulk mobile phase viscosity
System sizes were calculated for input streams with diﬀerent visc-
osities caused by changes in viscosiﬁer concentration. The change in
concentration reﬂected on the stream volume, which was calculated for
viscous streams of 8.7 mPa⋅s diluted down to 1.2 mPa⋅s, on the basis of
a throughput of 10 m/h at 1.2 mPa⋅s. For the estimation of system size
with changing viscosity due to changing concentration, three
Fig. 5. Isotherms of glycerol, sucrose, and dextran.
Fig. 6. Change of viscosity in pore volume μpore as function of bulk phase
viscosity μbulk, based on measured partition coeﬃcient KD.
Fig. 7. Intraparticle diﬀusivities of acetone, γ-aminobutyric acid, triglycine, and
glycyl-L-tyrosine as function of viscosity inside pore volume due to sucrose
(closed symbols) and glycerol (open symbols). Error bars show 95% conﬁdence
interval.
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relationships needed to be known: viscosity of an input stream as a
function of concentration, pressure drop over a column bed as function
of viscosity and velocity, and HETP as function of viscosity and velocity.
The ﬁrst relationship can be found in literature for most mobile phases
and is easily measured in other cases. The second relationship can be
accurately calculated with Eq. (4) for non-compressible stationary
phases, but the third relationship was not found in literature and was
therefore measured in this work (Section 4.1).
The inﬂuence of bulk viscosity on system size is illustrated in the
following via the separation of two minor components (target compo-
nent triglycine and a component which is not retained by the resin) in a
viscous medium (sucrose solution). Three important assumptions were
made for the design: ﬁrst, the target component did not inﬂuence
mobile phase viscosity. Second, the stationary-phase was non-com-
pressible, leading to constant bed height and porosity, independent of
column diameter and pressure drop. And third, the required number of
plates stayed constant, even though diﬀerences in peak shape were
observed. Analogue calculations for other target components and mo-
bile phases viscosiﬁed through glycerol or dextran were made and their
results will also be discussed. For a variety of bulk viscosities and a
constant pressure drop Δp, the column length L was calculated as a
function of linear superﬁcial velocity uS with Eq. (7) (solid lines in
Fig. 9). Further, for the same bulk viscosities and a constant number of
plates N, the required L was calculated as a function of uS with Eq. (8)
(striped lines in Fig. 9). Calculation of column length from N required
HETP as an input, which was measured for three diﬀerent viscosities (as
discussed in Section 4.1). The slope of the van Deemter curve changed
linearly with bulk viscosity, which allowed interpolation between
measured data points to calculate the slope of van Deemter curves at any
viscosity, within the measured range. Intersections in Fig. 9, marked
with circles, show L and uS for diﬀerent viscosities at required operation
parameters. With increasing viscosity, L and uS were reduced, main-
taining a constant pressure drop and number of plates. From the de-
termined intersections in Fig. 9, column dimensions were calculated as
described in Section 2.2, taking into account an increase in stream
volume, as concentration decreased through dilution.
Fig. 10a shows column volume as a function of bulk viscosity for
mobile phases viscosiﬁed with sucrose, glycerol, and dextran and tri-
glycine as target components, Fig. 10b column area A and column length
L, for the same data. Change in column volume was dictated by the
eﬀect viscosity had on overall mass transfer. The change of pressure
drop per column length was largely balanced through changes in the
ratio of column area to column length.
With decreasing viscosity, from 8.7 mPa⋅s until around 2.5 mPa⋅s,
column volume stayed more or less constant. The minute changes in
column volume at higher viscosities were well within the margin of
error attributable to the uncertainty encountered when measuring van
Deemter curves at higher viscosities. Dilution to viscosities lower than
2.5 mPa⋅s, led to drastic increase in column volume (Fig. 10a). In the
region of low viscosities, relatively large changes in stream dilution and
thus stream volume and viscosiﬁer concentration, had little impact on
feed viscosity and mass transfer resistance. In a scenario where streams
are diluted before chromatographic separation, the results show dilu-
tion down to a viscosity of around 2.5 mPa⋅s would have little to no
eﬀect on overall column volume. Dilution beyond 2.5 mPa⋅s would
result in drastically larger column volumes.
For all target components, change in column volume with viscosity
was similar, resulting in a more or less constant column volume at
viscosities larger than approximately 2.5 mPa⋅s. Also for diﬀerent vis-
cosiﬁers, change in column volume followed the same overall trend,
with diﬀerences in the range of 2 through 3 mPa⋅s. These diﬀerences
are due to the diﬀerence in viscosity at the same viscosiﬁer con-
centration and therefore stream volume reduction. With dextran as
mobile phase viscosiﬁer for example, measured van Deemter slopes are
less sensitive to viscosity changes but viscosity is more sensitive to
concentration changes. The sum of these two eﬀects lead to a larger
column volume with dextran as viscosifying agent in the range of
2 through 3 mPa⋅s, in comparison to sucrose or glycerol.
For viscosities larger than about 2.5 mPa⋅s, where overall column
volume did not change with stream viscosity, changing viscosiﬁer
concentration still aﬀected column length L and column area A
(Fig. 10b).
Fig. 8. Intraparticle diﬀusivity Dp of triglycine in mobile phases of 2.3 mPa⋅s,
4.5 mPa⋅s, and 8.7 mPa⋅s bulk viscosity with sucrose, glycerol, or dextran as
viscosifying agent, relative to Dp in phosphate buﬀer. Closed symbols represent
measured Dp, open symbols show interpolated values, based on measured in-
traparticle diﬀusivities.
Fig. 9. Calculated column length L for a range of bulk viscosities at diﬀerent
linear superﬁcial velocities uS. Solid lines present constant pressure drop Δp
(5 bar), dashed lines present a constant number of theoretical plates N
(N = 100) for triglycine in sucrose. Intersections, marked with circles, show
column length L and linear velocity uS at which all operating conditions are
met.
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With initial dilution of the stream, linear velocity increased such,
that column area decreased in order to accommodate both increasing
stream volume and mass transfer, while the length of the column in-
creased. Diluting further than about 2.5 mPa⋅s, led to an increase in
column area, required to accommodate the large stream volumes at low
velocities. With larger viscosifying agents, columns became shorter and
wider.
5. Conclusions
This work shows HETP measurements in packed bed chromato-
graphy for a range mobile phase viscosities. The results were used to
explain the dependence of HETP on the viscosity predominant in pore
space, rather than in the bulk mobile phase and further to determine the
change in column size and geometry for given process parameters when
streams are concentrated. With increasing viscosity each van Deemter
curve showed an increase in slope. Mass transfer in mobile phases with
sucrose, glycerol, or dextran diﬀered, even with identical bulk viscos-
ities, due to diﬀerence in viscosity in the pore volume. Larger molecules
penetrate the pore volume to a smaller extend and have less inﬂuence
on the diﬀusion inside the pores, which in preparative chromatography
usually is the main resistance to mass transfer. Correction for viscosiﬁer
penetration into pore volume via the partition coeﬃcient KD, enabled
the comparison and calculation of behavior for diﬀerent viscosifying
agents. The data showed that viscosity inside pore volume should be
taken into account rather than only the viscosity of the bulk mobile
phase. In case the target molecule is intrinsically viscous the diﬀerence
between the viscosity inside and outside will be based on the same
phenomena. The insights provided in this study can help taking visc-
osity diﬀerences into account when selecting a resin for a separation
process. If the resin is selected such that it largely excludes the viscosity
causing molecules from the pore space, mass transfer resistance inside
the pores is reduced greatly and processes can be designed more eﬃ-
ciently.
Calculations for the inﬂuence of feed viscosity on system dimensions
showed that column volume is more or less independent of stream
viscosity in a viscosity range from 8.7 mPa⋅s down to about 2.5 mPa⋅s.
With dilution, columns get longer and thinner, but the overall volume
stays near constant. Upon further dilution, column volume is increased
drastically, as viscosity becomes less sensitive to concentration changes.
The diﬀerence of column volume for diﬀerent viscosifying agents is not
pronounced as system size is mostly dependent on the slope of van
Deemter curves as function of viscosity. Column dimensions however do
diﬀer between viscosifying agents, tending towards larger column areas
and shorter columns with viscosifying molecule size. For the estimation
of process economics, column geometry can be used as an indicator for
unit costs, as the logarithm of unit costs generally behaves linearly to
the logarithm of a unit operations required area [2].
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